Abstract: Torsional mode acousto-optic tunable filter (AOTF) is demonstrated using a metal-coated birefringent optical fiber for an improved robustness. The changes in acoustic and optical properties of a metal-coated birefringent optical fiber induced by the thin metal coating were analyzed experimentally and theoretically. The filter wavelength shift is successfully explained as a result of combined effect of acoustic wavelength change and optical birefringence change. We also demonstrated a small form-factor configuration by coiling the fiber with 6 cm diameter without performance degradation. The center wavelength of the filter can be tuned >35 nm by changing the applied frequency, and the coupling efficiency is higher than 92% with <5 nm 3-dB bandwidth.
Introduction
Acoustic wave is widely used to manipulate the properties of propagating light [1] . In particular, the capability of coupling between spatial modes or orthogonal polarization modes in optical fiber has been utilized to demonstrate novel optical filters and lasers [2] [3] [4] [5] . For the application as a band-rejection (notch) filter or a band-pass filter, flexural and torsional acoustic waves have been extensively studied. While flexural acoustic wave can couple symmetric and anti-symmetric spatial modes by applying transversal vibration on the fiber [2] , torsional acoustic wave can couple two orthogonal polarization modes by twisting azimuthally a highly birefringent fiber [5] . The wavelength tunable filter based on torsional acoustic wave has unique advantages. For example, depending on the analyzer setting at device output, both notch and band-pass filter types are possible [5] . The output filter spectrum is not affected by the axial non-uniformity of the mechanical dimension of the optical fiber because the acoustic velocity of the fundamental torsional wave is not a function of the fiber diameter [6] . Moreover, the use of highly birefringent, polarization maintaining fiber (PMF) makes this device insensitive to macro-bending because the optical birefringence induced by macro-bending is smaller than that of PMF by two to three orders of magnitude [7] . Exploiting these advantages, coiled version of torsional mode acousto-optic tunable filter (AOTF) was demonstrated to realize a small form factor [8] . However, the device with a coiled fiber cannot be practical because the protective polymer coating had to be removed to avoid the significant attenuation of the acoustic wave. If a bare fiber is scratched by dust particles or dirt, micro-cracks will grow on the surface of the optical fiber by the tension or stress corrosion. Moreover, water molecules in the air accelerate the growth of the cracks, resulting in the fatigue [9] . Metallic or carbon coating is known to significantly improve the mechanical reliability by avoiding the exposure of optical fiber to moisture and stress corrosion [10] [11] [12] . It should be noted that the thin metal coating would not be a sufficient protection against rough handling of the fiber compared to the conventional polymer coating. A simple enclosure can be used to protect the device. Therefore, we recently proposed and demonstrated the use of thin protective metal coating on the fiber that provides low attenuation of acoustic wave and protection of the fiber at the same time [13] . Even though the acousto-optic effect in a highly birefringent fiber is well studied [14] , the acousto-optic interaction in a metal coated highly birefringent fiber has not been intensively investigated.
In this paper, we present detailed experimental and theoretical analysis of the effect of silver coating in all-fiber acousto-optic tunable filter using torsional acoustic wave. The key parameters that influence the filter spectrum are the acoustic velocity and the change in optical birefringence caused by the silver coating. Theoretical and experimental results showed good agreement. The successful demonstration of a small form factor AOTF by coiling the silver coated fiber is also described as a potentially practical form of the device.
2.
Torsional mode AOTF using a metal-coated birefringent optical fiber Figure 1(a) is the schematic of the torsional mode AOTF using a silver-coated PMF. It consists of a torsional acoustic wave transducer, about 60-cm-long silver-coated PMF, two polarizers at the device input and output. The two polarizers are composed of fiber polarizers and polarization controllers. The transducer is composed of a quartz horn which has a concentric hole for optical fiber insertion and two shear mode Lead Zirconate Titanate (PZT) plates which are attached to the bottom of the quartz horn. The two PZT plates oscillating out of phase generate torsional acoustic wave traveling along the optical fiber. Figure 1(b) is the enlarged view of the fabricated transducer. The PMF used in this work has elliptical cladding stress member and the optical birefringence is 5.53 10 −4 at 1550 nm, which corresponds to the beatlength of 2.8 mm [5] . The protective silver layer was coated onto the bare fiber surface through the Silver (Ag) mirror reaction (Tollen's test) [15] . The thickness of the coated silver layer was not uniform and was in the range of 90-160 nm. Figure 1 (c) is the scanning electron microscope (SEM) image of a cross section of the silver-coated PMF.
Metal coating and torsional mode AOTF
The input polarization state was aligned to one of the eigen-axis of PMF. Depending on the applied frequency, coupling between two orthogonal polarization modes happened at the wavelength which satisfied the phase matching condition [6] . By adjusting the analyzer axis to be parallel or perpendicular to the input polarization state, notch or band-pass filter could be selected. First, we fabricated the torsional mode AOTF using a bare PMF. After measuring the filter spectra, the protective silver was coated along the fiber and the same experiment was performed. The performances before and after the silver coating were similar except the resonance wavelength shift. For example, the notch depth and 3-dB bandwidth of the notch filter were −16.8dB and 4.65 nm, respectively, for bare optical fiber that compares well with −15.6dB and 4.70 nm, respectively, for silver-coated fiber, when the applied frequency was 1.314 MHz. The theoretical bandwidth was calculated as described in Ref [16] , which were 4.74 nm for the bare optical fiber, and 4.97 nm for the silver-coated fiber. However, under the same applied frequency, the resonance wavelength was shifted toward shorter wavelength when silver coating was applied as shown in Fig. 2 . The amount of resonance wavelength shift is 4.8 nm for the first layer coating and 3.5 nm for the second layer coating, respectively.
Torsional acoustic wave propagation in a metal-coated fiber
The shift of resonance wavelength can be explained by the combined contribution of the acoustic and optical effects to the phase matching condition [17] :
where λ is the resonance optical wavelength, a V is the acoustic velocity, a f is the applied acoustic frequency, o B is the optical birefringence, and a Λ is the acoustic wavelength. In this section, we quantitatively analyzed the resonance wavelength shift in a silver-coated fiber through the calculation and measurement of acoustic velocity. Fig. 2 . Transmission spectra of the notch type torsional mode AOTF in case of using a bare optical fiber (black), a single-layer silver-coated fiber (red) and a double-layer silver-coated fiber (blue).
We first considered the acoustic effect. The velocity of the lowest torsional acoustic mode in a simple silica glass fiber can be expressed as [18] ,
where μ is the shear modulus and ρ is the density of a silica fiber. Note that the acoustic velocity in Eq. (2) does not depend on the fiber diameter. However, for a cylindrical rod with composite structure as depicted in Fig. 3 , the velocity of torsional acoustic wave becomes Fig. 3 . Schematic of a cylindrical structure composed of two different materials used for the analysis of a silver-coated optical fiber. μ are the shear moduli of the inner and outer layer, respectively, 1 ρ and 2 ρ are the densities of the inner and outer layer, respectively, h is the thickness of the outer layer and R is the radius of the inner layer. Equation (3) should be applied to the silver coated fiber because the silica glass and silver have very different acoustic properties. One can see that the torsional wave velocity in the sliver-coated optical fiber decreases as the coating thickness h increases when 1 μ > 2 μ and 1 ρ < 2 ρ which are the conditions that apply to this experiment. This will shift the resonance wavelength toward shorter wavelength based on Eq.
(1) although the optical effect should be included that will be discussed later. However, Eq. (3) assumes a perfect coaxial cylindrical structure while the actual silver coating used in our experiments has a thickness variation in the azimuthal and longitudinal dimensions. Therefore, for the calculation of the resonance wavelength shift, an effective coating thickness was estimated from the measurement of acoustic velocity. While a few methods have been reported to measure the longitudinal and the flexural acoustic wave velocities in sensors or waveguide systems [20] [21] [22] , the direct velocity measurement of torsional acoustic wave in an optical fiber has not been reported, to the best of our knowledge.
Velocity measurement of torsional acoustic wave in a metal-coated fiber
As shown in Fig. 4(a) , pulse-echo method in pitch-catch configuration [20] was used to measure the velocity of torsional acoustic wave. The "pitcher" is the torsional acoustic wave transducer of Fig. 1 , and the "catcher" is another transducer setup without function generator (FG) which converts the received torsional acoustic wave and its echoes into electrical signal. The FG generates the tone burst signals of 1 ms period and each burst is composed of 5 cycles of 1.2 MHz sinusoidal tone with 10 V pp . After propagating along the fiber under test, the transmitted acoustic signal as well as the echo signals are displayed on an oscilloscope via the receiver transducer. Figure 4(b) is the detected waveforms within 1 ms period in a bare optical fiber. The periodic echoes are due to the multiple reflections between the two horns, which show gradual decrease of acoustic intensity due to reflection coefficients and propagation loss. The echo period corresponds to the round-trip time of the torsional wave in the 64.7-cm-long optical fiber, from which the velocity can be calculated. In the received signals, the number of cycles more than 5 is due to the multiple reflections inside each silica horn structure. This complexity, however, does not affect the velocity measurement because only the first peak of each wave-packet is used for the measurement. It should also be noted that the generated acoustic wave included flexural wave component in addition to the torsional wave. The flexural wave, however, can be easily discriminated from the torsional wave by the large difference in their velocities [22] and also by differential damping using liquid drop [8] . The group velocity of fundamental flexural mode is calculated as 2090 m/s at 1.2 MHz tone frequency that matches well with the signal in Fig. 4(b) . We also observed the position of the flexural wave signal changes when the tone frequency is tuned while the torsional wave signal does not. This observation agrees with the well-known dispersion relationship for the acoustic waves [22] . For the torsional acoustic velocity, the average value of 12 independent measurements of echo period was taken. In case of bare fiber in Fig. 4(b) , the measured acoustic velocity of 3747 ± 3.5 m/s was obtained, which shows an excellent agreement with the calculated velocity of 3750 m/s. For the silver-coated fiber in Fig. 4(c) , the acoustic velocity of the torsional wave was measured to be 3707 ± 3.0 m/s. From this value, the effective coating thickness of silver could be estimated using Eq. (3) as 96 nm that is within the range of measured thickness of 90-160 nm. In Fig. 4(d) , the calculated velocity (black line) of torsional acoustic wave as a function of silver coating thickness is shown with measured acoustic velocity (red circle). Red arrow represents the effective coating thickness which corresponds to the measured acoustic velocity in Fig. 4(c) . The range of coating thickness (blue arrow) estimated from actual measurement is also shown in the figure.
The resonance optical wavelength shift caused by metal coating can be expressed as
where λ Δ is the amount of resonance wavelength shift, a f is the applied acoustic frequency, and a V Δ and B Δ are the amounts of acoustic velocity and optical birefringence changes, respectively. If we take only the acoustic effect into consideration, the resonance wavelength shift after the silver coating will be 18 nm towards shorter wavelength which is about 4 times larger than the measured value in Fig. 2 . This discrepancy could be explained when the effect of optical birefringence change is included as described in the following section.
Optical birefringence in a metal-coated fiber
In order to obtain the expected wavelength shift due to the silver coating, the change of optical birefringence in PMF induced by the pressure from silver coating [23] needs to be verified. The azimuthal contraction during the coating process slightly increases the optical birefringence, and thus shifts the resonance wavelength toward longer wavelength according to Eq. (4), compensating the effect of acoustic velocity change. From the measured acoustic velocity in Fig. 4 (b) and 4(c) and the resonance wavelength of Fig. 2 , the optical birefringence values were calculated as To confirm the magnitude and uniformity of optical birefringence, we also directly measured the variation of optical birefringence with different sections of the PMF. Several methods for measuring the optical beatlength have been proposed [24, 25] . In this paper, we used the stress method [25] . Averaged values, obtained over 125 measurements, were 4 5 5.50 10 1.4 10 − − × ± × for the bare PMF, and 4 6 5.57 10 9.8 10 − − × ± × for the silver-coated PMF. Even though the measured value has uncertainty due to the irregularity of optical fiber and possible imprecision of the experiment, we could confirm that the silver coating increases the optical birefringence as expected, and the optical birefringence values obtained from the acoustic velocities are within the range of the directly measured.
From these observations we could conclude that the contributions from the changes in the torsional acoustic wave velocity and the optical birefringence can explain the resonance wavelength shift in a metal-coated optical fiber. According to Eq. (4), the decreased torsional acoustic velocity in the silver-coated fiber shifts the resonance frequency toward shorter wavelength, but the increased optical birefringence counteracts the magnitude of wavelength shift. As the coating thickness increased, the resonance wavelength shifted toward shorter wavelength because the slope of acoustic velocity change was steeper than that of optical birefringence.
Torsional mode AOTF using a coiled metal-coated birefringent optical fiber
We performed an experiment with the AOTF having a small form factor by coiling the long fiber where acoustic wave is propagating. For this experiment, we built a new AOTF using the same PMF. Although the same experiment was reported using a device with a bare fiber [8] , we need to confirm there is no degradation of performance using silver coated fiber that provided improved mechanical reliability. As shown in Fig. 5(a) , we coiled the about 65-cm-long silver-coated optical fiber into a small diameter for a small form factor. As mentioned previously, the bend-induced birefringence is negligible compared to that of PMF by two or three orders of magnitude [7] . We tested two different coil diameters of 12 cm and 6 cm as shown in Fig. 5(b) . Both showed almost identical resonance wavelength tuning response over 35 nm range, indicating the device's insensitivity to macro-bending. Figure 5 (c) and 5(d) are the representative spectra of the notch filter and the band-pass filter configuration, respectively. The depth of the notch filter was −11.5dB, and the 3-dB bandwidth was 4.9 nm which was comparable with the theoretical value of 4.66 nm at the applied frequency of 1.322 MHz. Note that the notch depth was smaller than the one in Fig. 2 that comes from the variation in the performances of individual devices. Assuming the coupling efficiency is not limited by the acoustic power delivered to the fiber, a limiting factor for the maximum notch depth is acoustic reflection at the end of the interaction region that creates partial standing wave [26] . The coupling efficiency of the bandpass filter was 92%.
Conclusion
We demonstrated a highly efficient and robust torsional mode AOTF using a metal-coated birefringent optical fiber along with the detailed experimental and theoretical analysis. We observed the resonance wavelength shift toward shorter wavelength and found that the change in the torsional acoustic velocity and the optical birefringence are the origin of the phenomenon. Moreover, by coiling the fiber, we demonstrated robust and volume-reduced torsional mode AOTF using a metal-coated birefringent optical fiber. This filter can be useful in practical application to optical communication systems and fiber sensor systems. 
